Variations in isotopic abundance provide useful information for various scientific fields. Herein we performed a feasibility study by non-destructive isotopic analysis of negative muons. We irradiated two lead plate samples, one with the natural isotopic composition and one enriched with 208 Pb, with negative muons and observed the gamma rays from 208 Tl with a half-life of 3 min generated via muon absorption by 208 Pb during muon irradiation. The isotopic abundance of 208 Pb in nat Pb was successfully determined without sample destruction from the gamma ray intensity to be 69%, which agreed well with the mass spectrometry results.
Introduction
Isotopic abundances can be changed by radioactive decay, chemical reactions, physical chemical processes, etc. Analyses of isotopic abundance provide us with important information for various research fields, e.g. earth science and archeology, in which the isotope ratios of lead have significant implications. Naturally occurring lead is continuously being produced by the radioactive decay of uranium ( 235 U and 238 U) and thorium ( 232 Th) and is being added to the primordial lead isotopes. The final products of 238 U, 235 U and 232 Th are 206 Pb, 207 Pb and 208 Pb, respectively. Since uranium ( 238 U: 4.468 × 10 8 y, 235 U: 7.038 × 10 8 y) and thorium ( 232 Th: 1.405 × 10 10 y) have different half-life isotopes, if a sample is completely isolated, the isotopic abundance of lead changes with the accumulation of lead isotopes produced by decay.
From another point of view, the isotopic abundance of lead slightly changes as a function of the lead deposition. It is known that the distribution of minerals containing uranium and thorium were not uniform when the earth was formed. When lead concentration occurs owing to crustal movements and when lead depositions are formed, uranium and thorium that coexist with lead are excluded, and the isotopic abundance of lead becomes completely fixed as lead deposition occurs. Thus, by measuring the isotopic abundance of lead in a sample, it is possible to determine when the rocks were formed (i.e. their age) [1] and where the archeological products, including lead, were produced [2] .
Among the isotopic analysis methods, in recent years, mass spectrometry has emerged as the most conventional method. This method can determine the isotopic abundance with a high accuracy and has been applied in many research fields, although destruction of the sample is required. Analysis methods that can determine isotopic abundance nondestructively are extremely limited. Recently, Ninomiya et al. [3] reported a non-destructive isotopic analysis method that involves muonic X-ray emission measurements after irradiation with negative muons of a material.
A muon is an elementary particle classified as a lepton that has the same charge as an electron and has approximately 207 times the mass of an electron. Because muons have a negative charge, when a muon stops in a material, the muon can make a bound state with the nucleus, similar to electrons, and forms an atomic system called a muonic atom. A muon forms a much stronger bound state than that of electrons owing to its large mass. After the formation of a muonic atom, the muon immediately de-excites to the muonic 1s orbit by emitting high-energy muonic X-rays [4] [5] [6] . In recent years, non-destructive elemental analysis methods using muonic X-rays have been developed and applied to various samples [7] [8] [9] [10] . Because the atomic orbitals of muons are extremely close to the nucleus in contrast to electrons, the muonic 1s orbital is strongly influenced by the distribution of protons in the nucleus. As a result, a large "isotope shift" exists in the energy of muonic X-rays [11, 12] . Especially for heavy elements, such as lead, the isotope shift of muonic KX-rays is several keV. Using the isotope shift of muonic X-rays, the isotopic abundance of lead has been successfully determined non-destructively from the muonic X-ray intensity [3] .
After the muon emission cascading (muonic X-ray emission) process, the existing muon muonic 1s orbit is absorbed by the nucleus with a certain probability. In this reaction, one proton in the nucleus is converted to a neutron, and a Z − 1 nucleus is generated. In this reaction, the mass of the muon is converted to the excitation energy of the nucleus; then, a few neutrons and gamma rays are emitted from the nuclei during the de-excitation process. The mass number distribution of the residual nuclei in this reaction is unique to the muon absorbing nucleus, and it is possible to identify the nucleus of muon absorbing by measuring the gamma rays from the excited nucleus [13] . Furthermore, when the generated nucleus is unstable, isotope analysis is also possible by measuring the gamma ray decay [14, 15] . In this study, we performed a feasibility study by non-destructive isotopic analysis of lead by measuring the gamma ray decay from Tl isotopes.
Experimental
Muon experiments were conducted at the D2 beamline at the pulsed muon facility, J-PARC (the Japan Proton Accelerator Research Complex) MUSE (MUon Science Establishment) [16] . We connected the aluminum vacuum chamber downstream of the D2 beamline. A lead plate was placed at the center of the chamber as a sample. In this work, two lead plates were prepared as irradiation samples. One was a 208 Pb-enriched isotope sample (Pb ingot from ISOFLEX USA, 208 Pb: 99.57%, 207 Pb: 0.35%, 206 Pb: 0.01%, 204 Pb: 0.07%), and the other was lead with natural isotopic abundance (The Nilaco Corporation, 208 Pb: 51.5%, 207 Pb: 22.3%, 206 Pb: 24.7%, 204 Pb: 1.4%) whose isotopic ratio was accurately determined by mass spectrometry. Both samples had the same shape with a diameter of 22 mm, a thickness of 0.7 mm, and a weight of 3 g.
The irradiation momentum of the muon was selected to be 30 MeV/c. At this momentum, the muon stopping depth in the lead plate was estimated to be 0.2 mm from the surface. The stopped muon in the lead plate emitted muonic X-rays during the muon cascading process and gamma rays after the muon nuclear absorption reactions. To measure the muonic X-rays and gamma rays, two high-purity germanium (HPGe) detectors (GMX20P4, ORTEC Ind.) with a measuring range of 0-8000 keV were arranged. Because the muons were obtained with a 25-Hz pulsed beam that had a 100-ns width, the time resolution of the HPGe detector did not distinguish signals within one pulse event. Therefore, the detectors were placed at a distance of 100 cm from the sample to avoid pile-up. The irradiation was conducted via two individual experiments according to MLF proposal Nos. 2016B0207 and 2017A0177. The muon irradiation time of 208 Pb was 14 h, and it was 40 h for nat Pb during the 2016B0207 experiment; the muon irradiation times were 16 h for 208 Pb and 22 h for nat Pb during the 2017A0177 experiment. In addition to measurements with beam irradiation, approximately 30-min measurements without the beam condition were also performed as a background measurement. Details of the experimental setup have been described elsewhere [17] . Figure 1 shows the spectrum obtained upon muon irradiation for the nat Pb sample for the 2016B0207 experiment. Several peaks were identified as muonic X-rays emitted after muons stopped in the lead atoms [3] . In addition, some background components that were not related to muon beam irradiation, such as 40 K, were also observed. As shown in Fig. 1 , a gamma ray peak at 2614 keV derived from the decay of 208 Tl was clearly observed. The nuclide was generated by the muon nuclear absorption reaction in 208 Pb, 208 Pb (μ − , 0n) 208 Tl. The other gamma ray from 208 Tl with an energy of Fig. 1 Muonic X-ray and gamma ray spectrum obtained by muon irradiation for the nat Pb sample during the 2016B0207 experiment 583 keV was also detected, but it was difficult to quantify the peak owing to the large background signal around the peak. The gamma ray intensity of 208 Tl corresponds to the number of muons captured by 208 Pb in the sample, i.e., the isotopic abundance of 208 Pb in the sample can be determined from the gamma ray intensity of the peak at 2614 keV. Owing to the short half-life of 208 Tl, the intensity of gamma rays from 208 Tl increased at the beginning of the muon beam irradiation and immediately became saturated. After the irradiation stopped, the intensity decayed with a half-life of 3 min. In this study, we analyzed the data when there was a constant gamma ray emission rate by excluding the first 10 min after the beginning of irradiation. 208 Tl is a naturally occurring radioactive nuclide belonging to the Th series, and it is one of the major sources of natural background gamma rays. Therefore, it is necessary to subtract the background contribution of 208 Tl. In this study, the background intensity of 208 Tl gamma rays was determined from the measurement data without using beam during each experiment. Table 1 shows the gamma ray intensities of 2614 keV obtained from the respective detectors during each experiment. During beam irradiation, the intensity of 2614 keV was clearly higher than that in the background measurements because 208 Tl was always supplied by the muon absorption reaction. Additionally, the gamma ray intensity of 208 Tl from the 208 Pb-enriched sample was higher than that from the nat Pb sample, as shown in Table 1 , because the abundance of 208 Pb in the sample was directly related to the production of 208 Tl. The background was subtracted from the obtained gamma ray intensity to extract the contribution of 208 Tl production by the muon beam. In this study, the two samples have the same shape and were irradiated under the same conditions. In fact, the muonic X-ray count rates between the two samples completely agreed with each other. Therefore, the isotopic abundance of 208 Pb in the nat Pb sample could be determined by taking the ratio of the gamma ray intensity of 2614 keV. From the four data points determined using the two detectors in the two experiments, the weighted mean value of isotopic abundance of 208 Pb in the nat Pb sample was determined as 69 ± 16%. In the present statistics, this value was similar, but was not completely agreed with the value determined by mass spectrometry. The consistency and accuracy will be improved by increasing statistics.
Results and discussion
The isotopic abundances determined by the gamma ray intensity from 208 Tl are summarized in Table 2 together with the abundances of the muonic X-ray isotope shift [3] from the prompt gamma rays from the excited nuclei of 207 Tl generated by the muon absorption reaction [17] and according to mass spectrometry [3] . In this study, the isotopic abundance of lead was first determined from the gamma ray decay intensity of 208 Tl. However, using this method, the result presents a larger error than those determined from other methods. This is because the experimental setup was not optimized for decay gamma ray measurements but for muonic X-rays, as a result, for prompt gamma ray measurements, the detection efficiency was very low. In this experiment, the distance between the detector and the sample was approximately 100 cm to avoid pile-up of muonic X-ray signals. However, gamma ray of 208 Tl were detected at times unrelated to the muon beam pulse. Therefore, more efficient measurements of gamma rays from 208 Tl are possible by masking the muon pulse time. For example, if we set the detector 10 cm from 0.0261 ± 0.0009 0.0233 ± 0.0007 0.019 ± 0.003 0.0075 ± 0.0003 0.0047 ± 0.003 0.622 ± 0.496 Table 2 Comparison of isotopic abundances in percent for the nat Pb sample obtained from gamma rays from 208 Tl, muonic K α X-rays [3] , and prompt gamma rays from excited 207 Tl nuclei [17] and mass spectrometry [3] Isotopes 208 Tl gamma ray (this work)
Muonic X-ray [3] Excited 207 Tl gamma ray [17] Mass spectrometry [3] 208 the sample, an approximate 100 times higher measuring efficiency can be achieved. Using this experimental setup, we can determine the isotopic abundance not only of the 2614 keV gamma ray peak as in this study but also other gamma ray lines from 208 Tl, such as the line at 583 keV. The isotopic ratios determined by the three independent analytical methods were consistent with each other and agreed with the isotopic abundance determined by mass spectrometry. The ability to determine the isotopic abundance by three different methods in one muon irradiation experiment is promising for applying non-destructive isotopic analysis using muon to various samples. Although isotope shifts of muonic X-rays exist among all isotopes, some nuclei, especially light elements, have small isotope shifts, and it is difficult to determine the isotope ratio with a high accuracy only by muonic X-ray measurements. However, the sensitivity of isotope analysis by prompt gamma rays and decay gamma rays strongly depends on the emission probabilities of gamma rays, that is, a property of the nuclei. By combining these methods, we can determine the isotopic abundance non-destructively even with a limited muon irradiation time.
Conclusions
The isotopic abundance of a lead sample was successfully determined non-destructively using a new method of measuring the gamma rays emitted by the decay process of the Z − 1 nucleus formed after muon absorption by the nucleus. In addition to this method, it is possible to determine the isotopic abundance using muon irradiation by measuring the isotope shift of muonic X-rays and prompt gamma rays emitted from excited nuclei generated after the muon absorption reaction of the nuclei. Because isotopic analysis from decay gamma ray measurements does not require measurement at the moment that the muon beam strikes with a high counting rate, the sensitivity of this method can be considerably improved by optimizing the experimental setup. By combining these three isotopic analysis methods of muons, highly accurate non-destructive isotopic analysis of various samples will be possible.
